The large difference in incubation time among vapor pressure difference between the egg and bird eggs, ranging from a minimum of 11 days the microclimate of the nest is 35 torr. to nearly 90, has aroused man' s interest since antiquity. In her critical review of the history RESULTS of our knowledge of incubation periods, Margaret M. Nice ( correlation coefficient; P = probability coefThese indicate that incubation time for a given ficient; SE = standard error of estimate of egg weight is inversely porportional to the the log form of the equation; and n = number water vapor conductance of the egg shell. of observations. Furthermore, during natural incubation all
This merely illustrates that the many factors below for our data and authors mentioned which determine the incubation period are above. not understood.
For these reasons we analyzed other cor- 104 Drent ( 1970), and the reported incubation periods, one is now able to derive new relawhere I = days; W = egg weight (g) ; r = tionships which apply to eggs in general. correlation coefficient; P = probability coefThese indicate that incubation time for a given ficient; SE = standard error of estimate of egg weight is inversely porportional to the the log form of the equation; and n = number water vapor conductance of the egg shell. of observations. Furthermore, during natural incubation all creasing the number of observations we have added. Since the standard error of estimate is quite large, it would, therefore, suggest that little if any refinement will be gained in the future by the addition of further observations. Our individual data points, regression line, and 95% confidence limits are shown in figure 1.
We have tried to distinguish between altricial and precocial birds, but the slight mean difference is not statistically significant and better data are needed to establish such a fact. In figure 2 we have replotted the slopes of figure 1 on a semilog plot where the incubation time is presented on a linear coordinate. In Schonwetter' s data, we find the smallest eggs to be for two species of the family Trochilidae, namely, 0.2-0.3 g, The largest eggs reported are those for 23 eggs of the extinct depyornis, which average about 9 kg, the largest being 12.6 kg. On the other hand, Drent (1970) has also shown that the optimal egg temperature is not reached during the first few days of incubation, so that one would expect at that time a somewhat smaller water loss, while after pipping, the eggs undergo a larger water loss. On balance, over the whole period, we have therefore assumed that an average constant water loss throughout the period of incubation is a valid approximation. Equation (3) describes the water vapor flux across the egg shell. The amount of water which is lost depends upon the pore geometry of the shell and the diffusion constant of water vapor in air on the one hand and the water vapor pressure difference which is set up between the inside of the shell and the microclimate of the nest surrounding the egg on the other hand. The former is expressed as the conductance, Gn,c, which has been determined for 29 species (Ar et al. 1974) .
It is of interest now to consider three relationships which have recently been established, namely, the incubation time, the daily water loss in the nest, and the water vapor conductance, all as a function of egg weight. When these are introduced into Eqs. (2) Assuming that the sum of the exponents, 0.96, is not significantly different from 1.00, this relationship tells us that all typical eggs regardless of incubation time will lose 18% of their initial weight during incubation. This is of course an average value which will vary from species to species. It is of interest to note that mean fractional weight loss for 17 species reported by Groebbels (1932) was 0.16 f SD 0.04. This relationship tells us that the mean water vapor pressure difference between the inside of the egg shell and the surrounding microclimate is 35 torr. This value is expected to vary around this mean among species depending upon the type of nest, the incubation behavior, and general climatic condition. In desert nesters, one might expect a rather large water vapor gradient; in hole nesters, a relatively small gradient; and among the mound builders, which cover their eggs with decaying material, no gradient at all and therefore no water loss. In the latter case, one would also time is surprisingly good. It also illustrates how the tenfold difference in egg weight between the Rhea and puffin egg is associated with a tenfold difference in conductance and thus leads to similar incubation time for both species.
A similar relationship can be derived for incubation time which is inversely proportional to the daily water loss in the nest, namely, I = 0.18 w A&o (9) by substituting F = 0.18 into Eq. (2). This relationship, however, is expected to exhibit greater variability since the daily water loss is not only a function of the water vapor conductivity, Gn+ but also of the water vapor gradient, AZ'll,o. The latter will vary from species to species and is determined by the nest material, type of nest structure, and the incubation behavior of the parent. Figure 4 is an alignment chart showing water vapor conductance of the eggshell, daily water loss of eggs in the nest, and incubation time as functions of egg weight.
EFFECT OF ALTITUDE ON EGG WATER LOSS
According to kinetic theory, the diffusivity of a gas varies inversely with the absolute pressure. Thus, for a given pore geometry and a given water vapor pressure gradient across the egg shell, one would predict that the water loss is inversely proportional to the barometric pressure. This was demonstrated by Paganelli et al. (1971) by exposing eggs at constant temperature in a desiccator to increasing and decreasing barometric pressure. Between 0.13 and 1 atm, the water loss rose linearly with l/Pu, the barometric pressure. At least 15 species are known to nest at altitudes above 4600 m (15,000 ft) (0. P. Pearson and L. W. Swan, pers. comm.). Since several nesting species approach and one species exceeds altitudes where the total pressure is 0.5 atm (18,000 ft), it is of interest to inquire how the eggs cope with the problem of water loss. The highest nesting record is given at 6500 m (21,500 ft) for the Alpine Chough (Phyrrhocorax graculus) (Noel 1927). At this altitude the barometric pressure is 328 torr, and thus the binary diffusion coefficient for water in air, Dn,o-air, which at 1 atm is 0.218 cm" -set-l is increased by (7601328) or 2.3-fold. With the typical pore geometry and water vapor gradient found at sea level, such an egg would theoretically lose 2.3 times more water at this altitude than at sea level.
Several adaptations would help to maintain a normal water balance of an egg at altitude. One would be to reduce the water vapor gradient between the egg and its microclimate by establishing nests in cavities and covering the eggs to provide a more humid atmosphere. Another approach would be to increase the relative water content of the egg so that in spite of increased dehydration a normal water content would be maintained at the end of incubation. Such an adaptation would be reflected in a higher albumen-yolk ratio. It is of interest to note that a recent analysis of the porosity of White Leghorn eggs from a colony established for 15 years at the White Mountain Laboratory of the University of California at 12,500 feet (Pi% = 480 torr) revealed a different trend (Wangensteen et al. 1974). These eggs had reduced their total pore area by about 60% which just offset the increased diffusion coefficient of water vapor at this altitude. Thus under natural conditions of incubation, their water loss would have been normal.
